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230-keV 28Si ions were implantated into Si( 100) at room temperature with doses from 1014 
to 101*/cm2. The samples were analyzed by x-ray double crystal diffractometry and 2-- 
MeV 4He ion channeling spectrometry. The implanted layer has a parallel lattice spacing equal 
to that of the unimplanted substrate. The perpendicular lattice spacing is larger than 
that of the unimplanted substrate and is proportional to the defect concentration extracted 
from the channeling measurement. Both the perpendicular lattice spacing and the 
defect concentration increase nonlinearly with ion dose. The defect concentration initially 
increases slowly with dose until a critical value ( - 15%, at 4~ 10’4/cm2), then rises 
rapidly, and finally a continuous amorphous layer forms. The initial sluggish increase of the 
damage is due to the considerable recombination of point defects at room temperature. 
The rapid growth of the defect concentration is attributed to the reduction of the threshold 
energy for atomic displacement in a predamaged crystal. The amorphization is 
envisioned as a cooperative process initiated by a spontaneous collapse of heavily damaged 
crystalline regions. The annealing behavior of the damaged layer reveals various 
stages of defect recovery, indicating that the damage consists of a hierarchy of various defect 
structures of vacancy and interstitial aggregates. 
I. INTRODUCTION 
Radiation damage in semiconductors produced by en- 
ergetic electrons or neutrons attracted much attention in 
the 1960s.’ A great amount of information about the na- 
ture of simple defects and their annealing characteristics 
has been assembled with techniques such as electron para- 
magnetic resonance2 and infrared optical absorption.3 
Since the 197Os, ion implantation and ion-solid interaction 
became the focus of investigation because of their techno- 
logical importance.4 Unlike electron-produced damage 
which consists of mainly isolated interstitials and vacan- 
cies, defects produced by ion implantation are complex.5 
Additional techniques such as channeling spectrometry,6 
transmission electron microscopy (TEM) ,7 optical reflec- 
tion spectroscopy,8 and double crystal diffractometry,’ 
have been used to reveal various aspects of the defect struc- 
ture of ion-implanted semiconductors and Si in particu- 
lar.” However, a detailed picture of the nature of defect 
production and their stability is still lacking. In recent 
years, ion implantation technology has found new applica- 
tions in areas such as ion-beam induced epitaxial growth” 
and the synthesis of buried heterostructure.12 The critical 
role of point defects produced by ion implantation in en- 
hanced diffusion of dopants upon thermal annealing has 
been recognized. l3 An improved understanding of ion-in- 
duced defect production and annealing promises deepened 
insights in these phenomena. 
Recognizing the important role that defects play, we 
undertook some quantitative analysis of damage produced 
by implantation of 230-keV 28Si in a Si( 100) crystal at 
room temperature. X-ray double crystal diffractometry and 
MeV 4He channeling spectrometry were used to character- 
ize the strain and the defect concentration. Some perspec- 
tives on the nature of defects are discussed in light of the 
experimental results. 
II. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Sample preparation 
The samples tiere prepared by implanting 230-keV 28Si 
ions into l-61 cm n-type Si( 100) wafers at room tempera- 
ture in high vacuum ( - 10 - 7 Torr). The wafers were 
chemically cleaned before being loaded into the ion im- 
planter. The surface normal was misoriented by 7” from the 
incidence line of the beam to avoid channeling. The beam 
current was limited to be low ( k 0.2 ,uA/cm’) to mini- 
mize beam heating effects. The doses considered range 
from lOI to 1015/cm2: 
B. Double crystal diffractometry 
Double crystal diffractometry was used to monitor the 
strain (relative difference between the lattice constants of 
the implanted layer and the substrate). X’ray rocking 
curves of both symmetrical (400) and asymmetrical (3 11) 
diffractions were taken at room temperature in air 1 h after 
implantation and 6 months later. The strain profile as a 
function of depth is extracted by simulating the experimen- 
tal rocking curve using dynamical x-ray diffraction 
(XRD) theory.14 The parallel strain ~11 of all samples con- 
sidered here is zero within the experimental sensitivity 
(- 10 - 4), meaning that the lateral lattice spacing in the 
implanted layer is constrained to be equal to that in the 
substrate. The perpendicular strain et is positive and in- 
creases with dose, meaning that the perpendicular lattice 
spacing in the implanted layer is larger than that of the 
substrate and increases with the damage in the layer. The 
expansion of the lattice in the implanted layer implies that 
the strain contribution is dominated by the interstitial-like 
defects. I5 The magnitude of the perpendicular strain re- 
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FIG. 1. Fe K, x-ray rocking curves from the symmetrical (400) diffrac- 
tion planes o r’ Si( 100) samples implanted with 230-keV %i at room 
temperature to doses of (a) 1 X, (b) 3.5X, (c) 4.3X, and (d) 4.8X IO”‘/ 
cm*. 
laxes linearly with the logarithm of time at room temper- 
ature. The defects are almost stabilized at room tempera- 
ture in < 1 h after implantation. Subsequent to that, 
relaxation proceeds very slowly. We shall neglect this sub- 
sequent time dependence thereafter-because it is m inute 
(-0.02% in 6 months). 
Figure 1 shows a set of selected x-ray rocking curves 
from symmetrical (400) diffraction. The x-ray diffraction 
peak intensity from the implanted layer decreases rapidly 
when the dose increases (notice ordinate scales). At the 
same time, the largest angular separation between the dif- 
fraction peaks of the implanted layer and the substrate 
increases. These facts mean that both the damage and the 
strain rise rapidly as the dose increases (notice abscissa 
scales). Figure 2 is a plot of the maximum perpendicular 
strain obtained from the strain profile versus implantation 
0 
$ ( 101*/cmz ) 
FIG. 2 The maximum perpendicular strain obtained from dynamic x-ray 
diffraction simulations of experimen+al rocking curves is plotted as a func- 
tion of Si implantation dose. ‘I ne solid line is to stress the trend. The filled 
circles correspond to the samples for which the x-ray rocking curves are 
plotted in Fig. 1. 
230 keV “*Si implanted into Si(100) at 23°C 
Energy ( MeV ) 
FIG. 3. 2-MeV 4He backscattering and channeling spectra of the set of 
samples shown in Fig. 1. Also plotted are the channeling spectra of a 
virgin Si sample and one sample implanted with a Si dose of 8 x 10’4/cm2 
where a continuous amorphous layer forms. 
dose. There exist three distinct regimes in this room-tem- 
perature implanted Si layer: (I) the strain builds up slowly 
until a critical dose of .- 4 X 1014/ cm’, (II) the strain 
then rises rapidly within a very narrow dose range and 
(III) finally saturates beyond a dose of - 4.5 X 1014/ cm*. 
Dynamic x-ray diffraction simulation also gives an esti- 
mate of the static Debye-Waller factor (Sr) - (the root- 
mean square of the atomic displacement from the lattice 
site). At any depth, the static displacement (Sr),, is ap- 
proximately proportional to the perpendicular strain. The 
maximum displacement is small in regime I ( -0.01 nm), 
increases to -0.06 nm in regime II, and saturates at this 
value in regime III. One can obtain an “equivalent temper- 
ature,” Tq, corresponding to the atomic displacement of 
(84 -, by using the Debye-Wailer formula 
9&T,, 
(WLs=~ y 
where M is the mass of the silicon atom and O( = 645 
K16) is the Debye temperature of crystalline Si. The max- 
imum equivalent temperature thus obtained for the im- 
planted Si layer is -0.2 -T, ( T, = 1685 K is the melting 
temperature) in the low damage regime (I), and reaches 
- 4 T, in regime III. The very high equivalent tempera- 
ture associated with regime III suggests that the heavily 
damaged state is far away from equilibrium and hence 
highly metastable. 
6. Backscattering and channeling spectrometry 
Backscattering and channeling spectrometry were used 
to measure the defect concentration in the implanted layer. 
Figure 3 shows 2-MeV 4He [lOO] axial channeling spectra 
of selected samples. The defect concentrations were ex- 
tracted from the channeling spectra according to the fol- 
lowing model. The channeling yield x0 of the damaged 
layer consists of two contributions: normal backscattering 
from the dechanneled fraction of an aligned incident beam, 
650 J. Appl. Phys., Vol. 70, No. 2, 15 July 1991 G. Bai and M.-A. Nicolet 650 
Downloaded 22 Dec 2005 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
100 
t 
230 keV 28Si x) 
into Si(100) 
- t 
60 at 23'C 
f# ( 1014/cm2 ) 
FIG 4. The maximum defect concentration extracted from channeling 
spectra such as those of Fig. 3 as a function of the Si dose. The solid line 
is to highlight the trend. The filled circle corresponds to the samples 
shown in Fig. 3. The dashed line is the maximum value in the concen- 
tration profile of the Frenkel pair predicted by the TRIM 8s simulation code 
of 230-keV *‘Si implantation in an amorphous Si target. 
xR, and direct backscattering of a channeled beam from the 
defect of concentration, cDi7 
xD=XR + Cl- XRkD (2) 
The dechanneling of an aligned incident beam in the crys- 
tal equals 
XR=PD + (1 - pD)xV, (3) 
where PO is the probability that a channeled incident ion is 
dechanneled by the defect and xv is the channeling yield of 
a virgin crystal. Combining Eqs. (2) and (3) gives 
yD=co+ (1 --CD&J (4) 
where ‘yam (~0 - xv/l - ,Y~)E[O, l] is obtained directly 
from the channeling spectra of the virgin and the damaged 
crystals. In the single scattering approximation, one can 
define a dechanneling cross section a0 
(5) 
where it is the atomic density of the crystal. From Eqs. (4) 
and (5)) one finally obtains 
s 
t 
ro(t) =c,(t) + 11 -co(t) 1 cD( t’)dt’, (6) 
0 
where t=nafl is a dimensionless depth scale. Equation 
(6) is a nonlinear integral equation for the defect concen- 
tration cD. Solving E!q. (6) numerically by adjusting the 
parameter aD to satisfy the boundary condition that PO 
equals yD beyond the damaged layer (where cD = 0), the 
defect concentration profile cD(x) is obtained. The average 
best-fitted uD iS - 7 X 10 - I9 cm2, which is significantly 
smaller than the cross-sectional area of a channel. Figure 4 
is a plot of the maximum defect concentration as a function 
of dose. Although derived from quite different experimen- 
tal inputs, the dependence closely resembles that of strain- 
dose relationship and also exhibits the three distinct dam- 
age regimes with the same critical dose ( - 4 X 1014/ 
cm2). 
To elucidate what the amount of the measured damage 
means, we computed the maximum Frenkel pair concen- 
trations produced by a 230-keV 28Si implantation into an 
amorphous Si target at 0 K using the TRIM@ simulation 
program’s (dashed line in Fig. 4). One sees that the mea- 
sured damage in the low dose regime (I) is only LO.2 of 
that predicted. This means that the majority of initially 
created defects anneals out at room temperature. That re- 
sult is consistent with the observation that single vacancies 
and interstitials are mobile at room temperature.” We thus 
conclude that the majority of initially created defects in 
regime I are in the form of simple Frenkel pairs which are 
mobile and readily recombine at room temperature. The 
measured stable defects are therefore di-vacancies, di-inter- 
stitials, and their clusters, formed during the m igration of 
the point defects. l9 
In regime II, the damage increases with dose much 
faster ( -8 times) than the production of Frenkel pairs 
calculated from TRIMLY. This indicates that the defect pro- 
duction in the predamaged crystal is more efficient than 
that in a virgin crystal, suggesting that the newly produced 
defects can destabilize the crystal and cause the formation 
of disordered zones of increased size. Such. a process pro- 
duces about eight times more displacements than can be 
directly generated by nuclear collisions (see Fig. 4). In 
other words, in a predamaged crystal with a defect con- 
centration > 15%; the effective threshold energy of atomic 
displacement is reduced from - 15 eV5 in the virgin crystal 
to -2 eV, which is approximately the formation energy of 
point defects in a solid by thermal activation.’ Stated dif- 
ferently, the damage production depends on the interaction 
with existing defects beyond the critical defect concentra- 
tion ( - 15%). The effect of dose is no more simply addi- 
tive. Guided by our observation of accelerated growth of 
damage, we model the damage buildup phenomenologi- 
tally by assuming that the production rate of stable defects 
is proportional to the concentration of existing defects. We 
also take into account the fact that the defects produced 
within already existing damage regions do not increase the 
defect concentration. Combining these two factors, we ob- 
tain the net rate of the production of the stable defects, 
dCD CD+ Co -&-=~‘(l -co>, 
where co and +. are fitting parameters. The solution is 
obtainable by direct integration and gives the growth of 
defect concentration as a function of dose. The best fit with 
experimental data gives co z 2 X 10 - 6 and 4. =: 3 
X 10i3/ cm2 (solid line in Fig. 5). The small value of co 
reflects the difficulty in producing stable defects in a virgin 
crystal. This simple model fits the data reasonably well. 
Thompson et aLzs also observed that the effective threshold 
energy for atomic displacement decreases as the energy 
density deposited in the nuclear collision increases. They 
attribute the enhancement to the thermal spike phenome- 
non. That phenomenon differs from what we observe in 
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FIG. 5. The maximum defect concentration as a function of dose (0 of 
Fig. 4) compared with the defect concentration from the phenomenolog- 
ical model of the accelerated growth of damage in a predamaged crystal 
(solid line). The dashed lines are the fraction of the amorphous zones 
calculated from Gibbon’s overlap model with various (mdi) parameters. 
that the thermal spike also occurs in a virgin crystal. The 
enhancement seen here is caused by the existence of pre- 
damage, not the dense cascade produced by incident ion. 
‘In regime III, a continuous amorphous layer is known 
to form at the maximum damage location when the yield 
for channeled beam incidence becomes the same as that for 
random beam incidence.6 The dose for the onset of the 
formation of a continuous amorphous layer is -5 x 10i4/ 
cm2 (see Fig. 4), which from TRIM88 simulation corre- 
sponds to a maximum energy density deposited in nuclear 
collision of - lO24 eV/cm3. This value agrees with the pre- 
diction of critical energy density criterion for amorphiza- 
tion ( - 1O24 eV/cm3).5 Further implantation only causes 
the widening of the amorphous layer. To gain some insight 
in the mechanism of amorphization, we apply the Gibbons’ 
overlap mode? to fit the measured maximum defect con- 
centration (dashed line in Fig. 5). Assuming that each 
incident ion creates a cylindrical zone of damage of cross 
section Ai and the formation of an amorphous region is 
caused by the m-tuple overlap of damage zones, the frac- 
tion of the amorphous regions fA is given by5 
fA=l- ( i. yje-Af+. (8) 
Figure 5 shows several fA curves with various parameters 
of (m, Ai). It is evident that the fitting improves as the m 
parameter increases (Ai increases correspondingly). This 
strongly suggests that the direct impact amorphization21 by 
implanted ions does not occur in self-implanted Si at room 
temperature and that amorphous zones are formed due to 
the overlap of defected regions.2” Furthermore, it is neces- 
sary to invoke very many overlaps (m > 20) to tit the rapid 
growth of damage. We thus hypothesize that amorphiza- 
tion may occur spontaneously as a result of collapses of 
heavily defected crystal. 
h 
ti dashed line: Cr., 230 keV ?3i 
Depth ( I.cm 1 
FIG. 6. The depth profile of the Frenkel pair concentration from TRIM 88 
simulation (dashed line), the defect concentration from the channeling 
measurements of the sample (c) (solid line), and the perpendicular strain 
from dynamic diffraction model simulation of x-ray rocking curves (dot- 
ted line). The vertical scale is in arbitrary unit. 
D. Depth profile of “damage” 
The depth profiles of the Frenkel pair concentration 
(cFpt dashed line) obtained from TRIM% simulations is 
compared with the defect concentration (cB solid line) 
extracted from channeling measurements of sample (c) in 
Fig. 6. To reveal the difference in the shapes of the damage- 
depth profiles, each protie is plotted by normalizing its 
peak value to unity. The measured profile is steeper than 
the calculated one, indicating that defects associated with 
smaller Frenkel pair concentration anneal out at room 
temperature, consistent with the above discussion. In par- 
ticular, the measured defect concentration near the surface 
is more depleted compared to the simulated one, indicating 
that the surface is a very efficient sink for defects. Figure 6 
also shows the depth profile of the perpendicular strain 
extracted from the simulation of x-ray rocking curves 
(EL, dotted line), which closely follows that of the mea- 
sured defect concentration cD The strain and the defect 
concentration are seen to be proportional to each other. 
Figure 7 shows the measured maximum strain in the im- 
planted Si layer vs the measured maximum defect concen- 
tration. The two quantities are linearly related with a slope 
of -0.013. This is constant over the entire range of strain 
and damage. 
E. Relationship between strain and defect 
concentration 
We apply continuum elasticity theory to estimate the 
order of magnitude of the coefficient relating the strain and 
the defect concentration in an implanted layer. To simplify 
mathematical expression, we treat the target as an elasti- 
cally isotropic medium, although crystalline Si is aniso- 
tropic. Ion implantation produces defects in the implanted 
layer, which induces lattice expansion (or contraction), 
As/a. Assuming that the damaged layer is under biaxial 
stress imposed by the undamaged bulk substrate, the per- 
pendicular and parallel elastic strains e1 and ei, are then 
related byZ3 
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FIG. 7. The relationship between the maximum perpendicular strain and 
the maximum defect concentration. 
In face-centered-cubic (fee) metals such as Cu, k, 
- 0.2 for single vacancies and ki - 1.5 for intersti- 
tials.‘5’26 For a crystal containing equal number of single 
vacancies and interstitials, the strength becomes k 
- 1.5 - 0.2 = 1.3. This number is more than 100 times 
larger than the coefficient in Eq. ( 13 ) . The smallness of the 
strength in Si could be due to the open structure of the 
diamond lattice compared to the closed-packed f& lat- 
tice.27 However, it is unlikely that this can explain the 
difference of more than two orders of magnitude. 
Another explanation is that the defect in the room- 
temperature implanted Si is in the form of aggregates of 
vacancies and interstitials. To simplify the analysis, we will 
assume that the defect is in the form of vacancy and inter- 
stitial clusters containing an average of p lattice sites. We 
treat each cluster as an individual dilatation center of 
strength kp The lattice dilatation induced by the clusters of 
concentration cp is therefore 
2 -2v 
g=l--ys (9) 
where v is Poisson’s ratio. By definition, the elastic strain is 
related to the x-ray strain used in this paper, 
.d E’ - As/a 
JWEia/a.’ (10) 
From the above two equations, one derives the relationship 
between the lattice expansion As/a and the strain, 
$=k$ & + 2y Eli. 
lfv- (11) 
Substituting v = 0.28 for Si and the measured value of 
~11 = 0 in the implanted layer into Eq. ( 11)) one obtains 
~=0.56& (12) 
Figure 7 shows that the perpendicular strain & in the im- 
planted layer is proportional to the defect concentration 
cD, we therefore obtain the relationship between the lattice 
expansion and the defect concentration, 
(13) 
Eshelby24 showed that the lattice dilatation induced by 
point dilatation centers of concentration c and “strength ” 
k equals 
(14) 






where S is the lattice displacement at R and n is the atomic 
density of a crystal [see Eqs. (8.6) and (8.7) of Ref. 24 and 
Eq. (2.24) of Ref. 251. 
according to Eq. ( 14). The strength kP for the cluster can 





The radius RP of the cluster made of p lattice sites is related 
to the radius RI of one lattice site by 
R/,=P’/~R~. (18) 
Furthermore, the displacement of a dilatation center is not 
sensitive to its size?’ meaning that 
S,~=s~. (19) 
Applying the above two relations to Eq. ( 17), one obtains 
k*=p”3 I 4n(l -v) 1+v .R&n sp213.k,. I 
For a given defect concentration of cD the cluster concen- 
tration is 
cp=p - ‘*cg. (21) 
Substituting Eqs. (20) and (21) into Eq. ( 16), one obtains 
the relationship between the lattice expansion and the de- 
fect concentration: 
By substituting the typical value of kl - 1 for a single va- 
cancy interstitial pair in a fee crystal into Eq. (22),28 we 
have 
(23) 
Ifp - 3 X 106, the coefficient in Eq. (23) becomes 
-0.007, the same as that in Eq. (13). The diameter, D, of 
such a cluster is -50 nm. This value is ten times larger 
than that observed by transmission electron m icroscopy 
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0 rnin in vacuum 
T ( “C > * 
FIG. 8. The isochronal annealing characteristics of the perpendicular 
strain of Si implanted layers as a function of annealing temperature. All 
annealings were performed in a vacuum of - 7 X lo-’ Torr for a period 
of 30 min. The data shown are the four samples for which the x-ray 
rocking curves are plotted in Fig. 1 and the channeling spectra are plotted 
in Fig. 3. 
(TEM) .29,30 By using the value from TEM, D - 5 nm, as 
the diameter of our cluster, and substituting the corre- 




If the strength of a single vacancy interstitial pair kl in Si 
equals 0.1, the coefficient in Eq. (24) again becomes 0.007. 
This strength of point defects in Si is about ten times less 
than that in fee metals. 
This oversimplified model demonstrates that the ob- 
served smallness of the coefficient can be attributed to the 
combined effect of defect clustering and the small single 
vacancy interstitial strength. This is consistent with the 
fact that single vacancies and interstitials are mobile” at 
room temperature and Si has an open structure. The above 
analysis can be readily generalized to the more realistic 
defect structure where a distribution of different sizes of 
clusters exists. 
F. Thermal annealing and damage recovery 
In order to further reveal the nature of the defect in 
self-implanted Si, we conducted experiments to investigate 
the effect of thermal annealing on the strain in the im- 
planted Si. It is known that single interstitials and vacan- 
cies anneal out at temperatures much less than room tem- 
perature,” di-interstitials anneal at 150” C,31 di-vacancies 
anneal at - 100-250” C,32 small damage clusters ( < 10 
nm) anneal between 100 and 400” C,33 and a continuous 
amorphous layer starts to regrow by solid phase epitaxy 
with appreciable rate at 550” C.6 Isochronal annealings of 
the samples of Figs. 1 and 3 with different damage levels 
were performed in high vacuum (5 x 10 - 7 Torr) for 30 
m in at temperatures from 200 to 700” C. The parallel strain 
remains zero after annealing. The annealing behavior of 
the perpendicular strain is shown in Fig. 8. The tempera- 
ture for significant recovery increases as the damage in- 
creases, indicating that different damage levels have dif- 
ferent ‘defect structures. Regime I with low damage 
[samples (a) and (b)] consists of relatively simple defects 
such as di-interstitials and di-vacancies. The intermediate 
damage regime (II) [samples (c) and (d)] contains more 
complex defects such as clusters or small disordered zones. 
As the damage increases further, a continuous amorphous 
layer forms due to the overlap of the damaged regions. 
This picture differs from Vook and Stein’s,34 where there 
are only two distinct annealing stages at .- 250 and 
-550” C, which they associated with the annealing of di- 
vacanci.es and epitaxial growth of amorphous layer, respec- 
tively. They accordingly proposed that amorphization is 
controlled by di-vacancy annealing.34,35 Our results are 
based on data taken with fine increments of the dose near 
the amorphization threshold (Figs. 2 and 4) and.reveal a 
complex defect hierarchy. 
III. CONCLUSIONS ’ 
In light of the above experimental results and discus- 
sion, we propose the following model for the damage 
buildup and amorphization of self-implanted Si at room 
temperature. Initially, the majority of defects produced by 
incident ions in a virgin crystal are Frenkel pairs, which 
are mobile at room temperature. The m igration of these 
interstitials and vacancies results in recombination and 
clustering to form stable defects such as di-interstitials and 
di-vacancies. Only a small fraction of initially created de- 
fects remain at room temperature. They generate perpen- 
dicular strain. As the damage rises to the critical value 
( - 15%), a large amount of energy is stored in the dam- 
aged layer. Additionally created defects cause the collapse 
of the damaged region into large disordered zones. This 
mechanism produces more damage than that generated di- 
rectly by nuclear displacements, giving rise to an enhanced 
production of damage and strain. The larger the damage, 
the more complex the defect structure becomes. Amor- 
phization occurs spontaneously as a cooperative process 
due to the overlap of heavily defected crystalline regions. 
The damage production reported here for room-tempera- 
ture implantation of Si into Si differs from that similarly 
produced in GaAs in two respects: ( 1) The damage relax- 
ation at room temperature in irradiated Si is m inute, while 
in irradiated GaAs it is significant.36 (2) After the initial 
linear rise with the Si dose, the increase of the damage 
production accelerates in Si, but decelerates in GaAs.37 
This divergent behavior of Si and GaAs is noteworthy of 
further investigation. 
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